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NATIONAL   ADVISORY" COMMITTEE' FOR   AERONAUTICS 

: • TECHNICAL   NOTE   NO.    886 

TCRSIONAL   ELASTIC   PROPERTIES   OP   18:8   CHROMIUM-NICKEL   STEEL 

AS   AFFECTED  BY   PLASTIC   DEFORMATION   AND  BY   HEAT   TREATMENT 

By  R.   W.   Metis   and   D.    J.   McAdam,   Jr , 

SUMMARY 

A study was made of the relationship "between torsional 
stress, strain, and permanent set for 18:8 chromium—nickel 
steel in the annealed, half—hard, and hard conditions.  The 
influence of plastic extension, plastic torsion, and an—  _ 
nealing temperature unon the torsional elastic properties^ 
is discussed.  A coOTarisoa is made of these results with 
those obtained in the study of the tensile elastic proper- 
ties. = ~ 
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which may be either macroscopic or micr OB tructural; (b) 
work-hardening or lattice expansion, and (c) crystal 
re or ientat ion. 

INTRODUCTION 

During the past seven years, the National Bureau 
of Standards has been studying properties of high—strength 
aircraft metals, a project sponsored by the National 
Advisory Committee for Aeronautics.  The previous reportB 
of thi6 investigation (references 1, 2, and 3) discussed 
the tensile elastic properties of metals with particular 
reference to their elastic strength and modulus of—elas- 
ticity.  A paper by the same authors (reference 4)' de- 
scribes the results of-an Lnvestigation, not sponsored byy 
the .NACA, of—the tensile elastic properties of some metals 
not included in the NACA reports. 

Pecause the boundary between elastic and inelastic 
strain is indefinite, it was found nec-ese-ary to evaluate — 
the elastic strength in terms of a number of indices, 
termed, "proof stresses.11  These are tire stresses necessary 
t~ö" cause permanent extensions of 0.001, 0.003, 0.01, 0.03, and 
0.1 percent.  The tensile" s tress—strain line for many 
metals is curved.;  hence  the tensile modulus of elasticity 
cannot be expressed by a single  numerical value but only 
in terms of several indices.  The indices used in the pre- 
vious reports are the modulus of elasticity at zero stress 
Eg  and the linear and the quadratic stress coefficients 
of the modulus  CQ  and  C'.  When these various indices 
are known, the tensile elastic properties of metals are 
fairly well define.d.  In earlier investigations studies 
were made of the effect of plastic deformation and heat- 
treat ment" upon the tensile elastic properties at both r-oora 
temperature (references 1 "arid 2) and sub—zero temperature 
(references)'."   -      ' 

In many struc'tures' and machines , f or ces "that set up 
large shearing stresses in drive.shafts' and other connect- 
ing members are transmitted as irörques.  A knowledge of 
the reaction- of metals to pure shearing forces therefore 
is desirable.  The 'phase of- the inves t i'ga t i oh now in prog- 
ress deals with the shear elastic properties of -different 
high-strength aircraft metals based on tests of thin tubu- 
lar specimens .subjected to "tora'ionäl loading' producing 
shear . . •  ••.•••.- •.-. . - - - •  •• =.-••-..-•• 
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The present report discusses the results of t.orsion 
tests of stee.ls of the 18—percent chromium and 8—percent 
nickeL type widely used-to fabricate high—strength members 
for aircraft structures.-  The properties -considered are 
shear proof stress, shear modulus of elasticity and its 
stress coefficients, and the variation of these • indices 
with plastic extension,- plastj.0 torsion, and heat treat- 
ment, • The fundamental fact.ors underlying "the results "also 
are discussed.  Throughout this paper, the terms "torsion" 
and "shear" will be used synonymously, 

MATERIALS AND APPARATUS 

Materials and Specimens' 

The 18:8 chromium—nickel steel tubing was supplied in 
three grades of hardness — annealed, half—hard, and hard. 
The compositions of thes.e metals are given in table I_,  The 
thermal.and cold—working treatments applied in.the labora- 
tory on some of . thes.e specimens are indicated .in table II, 
The initial t ors ional -pr oper t ies are found in-table III. 

• .A 1.1 the metal tubes were of 1— inch outside diameter 
and 0, 1—inch wall- thickness , nominal site,  Specimens were 
cut -from these tubes; into lengths of about 15 inches and 
the ends were squared in a- lathe.  The specimens then were 
cleaned thoroughly, after which the length, the diameter, 
and the weight of each was accurately determined.  Prom 
these data and from density values measured on small sam- 
ples of th<=> same material, t"he average Wall thickness of 
each specimen was computed. 

Apparatus 

The machine used for the torsion tests was of. the 
manually operated pendulum type having a capacity of 
13,000 inch—pounds.  The mounting of the specimen and tor- 
sion meter for measuring strain is shown in figure 1.  The 
ends of the tubes were reinforced by two sttel plugs of 
proper diameter, and the tubes then were clamped firmly be- 
tween wedge—shape jaws, 

A torsion meter $f high sensitivity, especially de- 
signed and constructed for measuring strain in this inves- 
tigation, is shown in detail in figure 2,  It consists of 
two similar rings  A  and  A'  (ring A'  is not visible) 
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spaced 2—   inches on centers, each-fastened to specimen  S 
"by three setscr_ews  B  and  B '..  To ring  A1  is rigidly- 
attached a hollow metal cylinder . 0, which .extends over 
ring  A}  there is- -a slight, clearance, between cylinder  C 
and r ing. • .A,  To cylinder  C .- are attached two ordinary 
glass prisms  D - and  D'• and to ring  A  two glass roof 
.pris-m-s  E  and  E ' ;'  one set of- adjacent, ordinary and roof 
prisms  D  and  E*  is diametrically opposite to set  D' 
and  E '  with respect to specimen  S. " A£ier proper ad- 
justment of the po.sition of each set of prisms, the.rela- 
tive angular, motion of rings  A  and A'  was measured, by 
Tucknrman optical- coll.imat or (reference fL) .  The readings 
from both sets of prisms, were averaged to eliminate the 
angular displacement due to any slight bending of the tu- 
bular specimen that may accompany appreciable plastic 
s training. 

In order that the gage' length over which angular 
twist was to be measured could be set accurately, cylin- 
der  C  was held rigidly tu ring  A  by three screws (not 
shown), at position  F  while' the torsion meter was being 
attached to the. tubular specimen.  These screws were re- 
moved- before' the test.- Alt hough'readings could be taken 
only over a shear—strain range of less than 1 percent dur- 
ing a single setting of the torsion'meter, it was possible 
by resetting the meter,' wiLfch the aid of the three place- 
ment screws at 1,  to extend indefinitely the range over 
which strains could be measured. 

. The smallest division on the collimator s,cale repre- 
sents a relative angular motion-of the two rings of 0.0002 

•radian, which corresponds to a change in strain of less 
than 0.004 percent.  By means.of a.vernier.on the collima- 
tor scale, changes in strain could be measured directly 
to less than 0.0002 percent. 

MEASUREMENT OF STRESS-, STRAIN, AND PERMANENT SET IN TORSION 

Method -.of Test 

In order to investigate the relationship between 
stress, strain, and permanent set=for _a-metal undergoing 
shear, a torsional stre-ss—set curve and a correlated tor- 
sion stress—strain•curve were det^ismined.  For this purpose, 
the specimen was-loaded and unloaded 'cyclically in torsion 
to progressively greater values 'of torque until a plaßtic 
shear strain or torsion set '-of. about' < 0. 1 percent had been 
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reached. - -The minimum- value p£. t.orq.ue (unloaded state) in 
each-cycle was 180 .inch—pounds.  By plot.t~i.ng .the maximum 
shear 'stress for -.each cycle.-against the corresponding 
total shear strain, a torsional stress—strain curve was 
obtained-, - -.By .plott ing • the ..maximum shear stress for each 
cycle against the corresponding .value of total plastic" 
shear obtained after .reducing thie.torq.ue to 180 inch- 
pounds, a torsional stress—set curve.was obtained;.  This 
procedure is analogous to that used-in the investigation 
of the tensile elastic properties of metats (references 1 
to 4) . 

In obtaining such correlated curves-, it was important 
to adhere to a carefully predetermined t ime schedule. 5*or 
a series of cycles, the- rates of loading and unloading 
were ah out the same for each cycle. The maximum and mini- 
mum loads for all cycles, were each maintained for a period 
of 2 minutes. Torsion—me tear readings were .obtained at the 
beginning of th-e. .series of cycles, and at" the eMof each 
2—minute holding period-. 

The total torsional set or total plastic shear at the 
end of any cycle (18:0— in.— lb. load), was computed from the 
difference between the meter reading at the end of such 
cycle and the reading at ,.t-he. b.e.ginni.ng .of the series of 
loading cycles.  The torsional set or plastic shear ob- 
tained during a s ingle -<:yc.le .,is. .eQ.uiv.a,lent t o the dif f er—~ 
ence between the.-.po:s it iv.-e and -the negati.ve torsional creep 
occurring during/the oyc-1%. • .Positive" creep will" oc~cur 
while approaching.and maintaining,the upper load; negative 
creep will occur while approaching and.maintaining the 
lower load.  The total strain for "any load was computed 
from the difference between the torsion-meter reading at 
that load and the reading at the .beginning of the series 
of cycles .    •',-..- 

In order to investigate the influence of prior 'plastic 
torsion on the torsional stress—set and stress-deviation 
curves, after the determination of the initial curves, some 
specimens were twisted plastically by numerous successive 
increments of plastic shear until definite signs' of• buckling 
of the tube were noted.  Correlated torsional stress—strain 
and stress—set curves were-- obtained af.ter each increment 
of plastic shear-.  Some of these increments were equivalent 
only to the plastic shear obtained in the tests upon which 
the previous stress^'set curve was basedj others- were much 
larger^  Between these increments of plastic- shear, the 
specimen was allowed to rest after unloading before deter- 
mining the subsequent stress—set and stress—strain curves, 
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The duration of such a "rest Interval" has a. pronounced 
influence upon the form of .the s tress-^se t and stress— 
deviation curves derived from subsequent measurements. 

Certain,changes will occur in the test specimen dur- 
ing the re-6t interval, as evidenced by negative shear 
creep-during this' period.  This creep is analogous to the 
ne.gat iVe „creep in tension occurring during r-est between 
succe-ss Lve . tens lie loadings of—a specimen. 

..The. prior plastic torsion for any one series of cycles 
will be defined as. the difference in shear strain , as 
obtained at the 180—inch—pound load, at the beginning of 
that" series and.at the beginning of .the first series.. 
Since the torsion meter was re-set after each series of 
cycles, the prior plastic torsion actually was measured as 
the., sum of the total torsion sets given the specimen prior 
to that -series',.. The terms "prior plastic torsion," "plas- 
tic torsion-," and'"prior torsicn" are used synonymously in 
this report. 

Calculation of Stress and Strain Values 

and Presentation bf Hesults 

Since the.,tubing, selected for test Was of 'appreciable 
thickness in order to permit large amounts" of plastic shear 
without buckling, the ,'shear ' s tress and therefore the shear 
strain,' increased somewhat—from the inner to the outer por— . 
tions of ' the wall." 

An exact determination of the shear stress at any ra- 
dius is possible (reference 6), but complicated, since the 
distribution of stress along a radius is dependent upon, 
the form of the shear s tr es s—s train curve, of the metal. 
The shear strain or torsion set  Y. at radius  r  is given 
by the relation. 

Y = El 
I 

<1) 

where  8" is the' angle of twist produced in gage length  1 

Methods 'of approximation, based on some simplifying 
assumption's , generally are used :t o' .'determine the shear 
stress and strain.  In this report" the method chosen 
(reference S) was based on the calculation of the stress 
and strain in the mean fiber on t he1 as sumpt i on that both 
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stresses and.strains increase linearly With the distance 
from the axis of the tube( as they do in the elastic case 
The following notation is used: 

M • applied torque., inch—pounds 

D   outer diameter of tube 

t   thickness of tube .       ...'_.   •..._.. 

- D-t 
r   mean radius  = — 5-— - - 

the> shear stress 

T = -2;JL_ c __t,—,_.v_ -j (2) 
IT D3 t 

and the shear strain 

1 _ 2 i + 2 ( *~N 2 

,• . li = £2 fi- 1) ';.."•    _"(3) 
l 21  V   . D J 

It can be shown that.for . t/-D = 0,12  'the stresses 
so calculated would not- differ by more than 14 percent 
from any stress existing in the wall and that the stresses 
at the' me-an fiber- calculated from .equation -(3) could not 
be in error by more than 1.5 percent.  Since torsional de- 
formation of a tubular specimen produces only negligible 
changes in the dimensions of the tube, values of- stress, 
strain, and set were based upon original dimensions. 

By the use of tubes having nominally constant values 
of t and D, a comparison of values of stress arid strain 
obtained with different specimens would be.valid, nothwith— 
standing the form of equation (2) or (3). \ Shear stress—set 
curves were derived from values of shear.stress and torsion 
sat calculated by equations (2) and (3.). 

The shear stress—strain relationship is best studied 
by use of the shear stress-deviation curve.,  Such a curve 
is obtained by plot.ting against" the shear stress, not the 
total shear strain,but the difference between the total 
shear strain produced at the maximum load for each cycle 
and a strain for a corresponding load coaputpd on the basis 
of an assumed constant value of the shear modulus xof elas- 
ticity.  These differences represent deviations of th» 
actual stress-strain curve from a straight stress—strain 
line the slope of which is.based on the chosen value'of the 
modulus.  With a suitable choice of the assumed value of 
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the   modulus;   tue "stress—deviation   curve   gives   a  very 
sens itive 'represehtation   rff"the   variation   of   strain  With 
S tr^SB  . - ••••-•••: -  - ..   r •_ 

Accuracy of Set and Strain Values 

As previously noted, value-s of strain and set are 
determined from readings made at each upper and lower 
load.  During trhe making of strr~B~in measurements, any 
deviation from the selected load setting will introduce 
an error in the test "because of a resultant change in 
elastic strain.  This deviation will depend upon the 
accuracy of reading the dial, the ability -of the testing- 
machine operator to adjust and maintain the Load during 
measurement, and the frictional t^orque of the bearings 
between the pendulum and the specimen.  Because of the 
high gear ratio'in the loading mechanism and the use of 
ball bearings between the pendulum and the s'pecimpn, 
»rrors due tx> the two factors las t'. ment ioned are negli- 
gible.  By use of a vernier on the'loading scale, shear- 
stress variations of about-70 pounds per square inch 
cculd be detected.  If a shear modulus of 11,000,000 
pounds per square -inch is assumed, this valve corresponds 
to a shear—strain error of about 0.0006 percent.  Such 
an error will be minimized when a number of experimental 
points are used in fairing the stress—set and the stress- 
deviation curves ;  The actual errors do not appear suffi- 
cient to. invalidate the conclusions drawn from the tests. 

INFLUENCE OF PLASTIC EXTENSION ON TORSIONAL ELASTIC 

PROPERTIES OF ANNEALED 18:8 CHROMIUM-NICKEL STEEL 

The- tors iona.l elastic properties of 18:8 chromium- 
nickel steel, determined for the material in the as- 
received conditions, designated .annealed. TA,  half- 
hard  TB , ' arid hard  TC  are listed in table III.  The 
determination 'of these values is discussed later. 

In order to obtain this alloy in * int'e-r mediate stages of 
cold work, a series of hard—grade specimens were treated 
as follows:  They were initially softened by heating to 
1900° F and water quenching; the heating.ät 19Ö.Ö0 F com- 
pletely dis's olved .all' carbides and the subsequent^quehch— 
ing prevented their re-precipitation at the "grain bound—, 
aries.  The material so treated was less hard than the 
annealed material äs received;1 'By using the initially 
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hard—grade material, structural uniformity was assuredi 
Some of the specimens thus treated were then extended 
different amounts in a tens ion—testing machine} these 
extensions werp 0.5, liO, 2.0, 3.0, 5,0, 10.0, and 30,0 
percent.  The steel reinforcing plugs later required in 
the torsion tests- were inserted.in the ends of these 
specimens prior to these extensions.  Careful measurements 
were made of the extension and of the average diameter of 
the reduced section of- each tube.  The tests of this ser- 
ies of specimens and of an unextended annealed specimen 
will next he considered. 

Torsional- Elastic Strength as Influenced 

"by Prior Plastic Extension 

Shear str es s-r-s-et curves and correlated stress- 
deviation curves -,- der ived fr.om torsion tests made upon the 
specimens previously extended various, amounts, are shown 
in the upper and lower rows-, respectively, of figure 3. 
Only -single ..curves were obtained-f.or each specimen. - The 
percentage of- prior t ens ile . ext ens ion- given each specimen 
after annealing is indicated on: the. .corresponding curve. 
In- the lower- TD or t ion- of the figure, absc lssas_ represent 
values- of. t.-ors-i-onal- set as derived by equation- .(3); the 
scalR, of; abscissas'is ind.ica.ted and express-ed- as percent 
torsion- (strain) , 'The ordihates represent,-shear stress, 
which is computed by using equation •('<&)   and -is based on 
the dimensions of each specimen after p_r i or-: extension. 

The stress—set .curves show that the highest values of" 
shear stress over the. indicated ranges of permanent set 
were obtained for the specimens haying the largest prior 
extensions.  The slopes of these curves over the lowe.r. 
stress range, however, vary in a different manner; the 
st-eepness of these curves decreases progressively for the 
initial stages of prior extension and then increases dur- 
ing- subsequent stages.  The shear proof stresses corre- 
sponding to selected values, of plastic shear or torsion 
set, termed "proof sets," were determined from stress—set 
curves.  The values of proof set selected were .0.0.01, . 
0.003, 0.01, 0.03, and 0.1 percent; these values- are 
numerically the oame as those used in .the. determination 
of..the tensile proof stresses o.f metals. . ~ 

.The variation of shear proof stresses with prior ex- 
tension for these specimens is shown in figure 5.  The 
proof-stress curves for 0.01-, 0.03-, and 0.1-percent '•. 
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set" rise cont inuously with increasing value-s of prior 
fixtension.  The curve for 0.001—percent proof set, how- 
ever , •decreases to ä minimum for small values of extension 
and rises only s1ightly • with further extension; it—1« 
thus qualitatively similar to the corresponding curve for 
tensile proof stress (references 1 and 3). 

In reference 4 it was noted that^the oscillations in 
the tensile pr oof- s tr es 6— ext e'nsi on curves might be attrib- 
uted to variations of one or more kinds of internal streeB. 
As shown "by Heyn and Bauer (reference 7) and "by Masing (ref- 
erence 8), the internal stresses induced "by plastic defor- 
mations are of three kinds.  The first kind, which is re- 
ferred- to in this report-and in -reference 4' as macroscopic 
internal stress, is caused by nonuniformity of plastic 
deformation in different parts of a cross section.  S-uch 
internal stress tends to lower the observed elastic strength. 
The -second kind, referred to as microstructural stress, is 
caused by initial differences in the resistance to plastic 
deformation of"varionsly oriented grains or to differences 
in the strength of'different microconstituehts; this type 
occurs when the metal is stressed beyond its yield strength. 
Masing has attributed the cause of the Bauschinger effect 
and of negative creep tc the second type of internal stress; 
that is, it tends to increase the resistance to deformation 
of the metal in the direction of previous loading and to 
decrease the resistance in the opposite -difection.  There 
is some'evidence, however, that the influence of microstruc— 
tural-stress is" very similar to the influence of macroscopic 
internal stress'«' 

The third kind of internal stress described by Heyn 
end Masing is associated with space—lattice changes involved 
in work hardening.  It has been shown by Smith and Wood 
(reference '9) that ' plast ic extension of iron- causes the 
exis t ence-: "of a three—dimensional expansion after removal of 
the stress-.; This type of internal stress cannot' be'totally 
eliminated except by recrystallizatIoni" There is'some 
evidence that- the'lattice expansion increase's linearly with 
increasing plastic deformation.  The lattice expansion is 
associated with one-or more s tructural" ehahgee (other than 
change of crys tailor ientart ion) occurring "during work 
hardening, such ' as' slip on crystal" planes , grain fragmen- 
tation,- and so forth.'- ':There' is some

: evidence that the 
Bauschinger effect is'-partly or wholly due to lattice ex- 
pansion.  In the present report, as in earlier reports, 
the term internal, stress does not apply to stresses due to 
space—lattice- changes . .The influence of space—lätt ice 
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•changes '— that is, the lattice-expansion factor (the term 
work—hardening factor also has been used in previous 
papers) — will be referred to frequently in this report. 

•The increase .in macroscopic or micros tructural in- 
ternal stress., after slight plastic deformation, probably 
predominates in causing the initial lowering -of the 0,001— 
percent shear proof stress as shown in figure 5.  At 
greater values of prior extension, however, the subsequent 
rise of the 0.001—percent proof stress probably is due' to 
the predominant influence of the lattice-expansion factor. 
The progressive rise of the proof—stress curves for 0.0L—, 
0.03—, and 0.1—percent set is a manifestation of the pre- 
dominance of the lattice—expansion factor through the 
entire range of prior extension.  As separate specimens 
were us^d at each .value of extension, the influence of 
varying rest intervals and extension spacing was not a con- 
trolling factor.  Therefore, significant fluctuations in 
the pr oof—s tres.s curves do not occur. 

In reference 2;   the work—hardening index of a metal 
was empirically defined as the ratio of the 0.1—percent 
tensile proof stress measured after 3—percent extension to 
that obtained before extension.  This ratio for the an- 
nealed alloy was found to be 1.74.  The ratio determined 
in a similar manner for the 0.1—percent shear proof stress 
is 1.70.  Computations -based on work by Nadai (reference 
10) would indicate -that a 0.1—percent tensile strain causes 
shear strain in the direction of the maximum shear stress 
about equivalent to that caused by a 0.15—percent torsion 
strain (reference 6),  Although values of plastic torsion 
as great as 0.15 percent were not obtained during any sin- 
gle setting of .the torsion meter, the nearly horizontal 
slopes of the stress—set curves above 0.10—percent torsion 
(fig. 3) would indicate that the ratio for. the Q_. 15—percent 
-torsion proof stress would not differ greatly from the 
value of 1.70.  This fact suggests that tensile and torsion 
stress—set- measurements give similar values for the work- 
hardening indftx-. 

As shown in table III, the values of shear proof stress 
f qr -the half—hard and.the hard alloy are significantly 
greater .than thoap obtained for the metal extended 20 per- 
cent. . As previously noted, the values of shear proof stress 
-for- the material annealed in the laboratory were lower than 
those for the material as.. received.  It is not known whether 
this difference is attributable to a difference in annealing 
temperature used in the two cases or to a possible finishing 
treatment given the as—received annealed material in 
straightening rolls or dies that would impart cold work. 
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Effect of- Plastic Extension on Shear Stress—Deviation Curve 

An' incomplete view of ~t he : e las t ic pro"perties of a 
metal is obtari~n-e~d by considering only the relation "between 
stress and the residual.deformation afte-r the applied 
stress is released.  The influence of stress on the accom- 
pany ing- t otsrl strain and- on the elastic strain should also 
"be considered.  These relationships are revealed "by the 
stress—deviation • curves and by subsequently derived curves 
and indices. -- .... 

In the upper port ion; of figure 3, the broken—line 
curves•representedeviation values calculated from stress 
and strain measurements by the'method described in the pre- 
ceding section, using an assumed value of 11x10s pounds 
per square- inch for the she-ar modulus.  The solid—line 
(corrected) curves were derived from the broken-linfi curves 
by deducting values :of set obtained from corresponding 
shear steles—set—cur.ves -immediately below.  Abscissas re-p- 
resent—values of deviation; the scale of—abscissas is indi- 
cated and «pressed in percent torsion (strain).  The cor- 
rected shear stress-deviation lines are generally curved, 
indicating a'decrease of the modulus of elasticity with 
increase in stress.  With'an increase in the value of prior 
extension, the-general slope of the corrected curve de- 
creases, thus indicating a corresponding decrease of the 
mean value of the modulus.  The relationship between the 
curves is better revealed by the derived-diagrams (figs. 
4—and 6 ) . 

Variation of Shear Modulus with Stress 

as Influenced by Plastic Extension 

The shear secant- modulus, given by the ratlrtr öf 
stress to elastic .strain, is used in this report to study 
the variation of the shear modulus of elasticity with 
different stresses.  The tensile secant* modulus was used 
in the previous reports to study the influence of Beveral 
factors on the variation of Young's modulus with stress. 

The variation of the shear secant- modulus of elas- 
ticity with stress derived from the corrected stress- 
deviation curves in f-igure 3 are shown in figure 4.  The 
prior extension in percent, given each specimen, is indi- 
cated on the corresponding curve. 

*This modulus differs from..a frequently used secant modu- 
lus based on the variation of- total strain with stress. 
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The points indicated in figure 4 do not correspond 
to stresses at which,strains were measured, hut to se- 
lected points on the corrected shear stress-deviation 
curves for which the secant moduli were evaluated» 

With the exception of the curve for 5-percent exten- 
sion, the lines are vertical over the lower part of the 
stress range..  The curve for 5—percent extension shows a 
continuous decrease in modulus with increase in stress. 
Thfi curvature of the shear stress—modulus lines at the 
higher stress values indicates a slight decrease of the 
modulus value6.. 

The shear modulus at zero stress  GQ  may he deter- 
mined directly from the shear stress—modulus line hy ex- 
trapolating to zero stress (references 2 and 4).  When 
the modulus line i-s straight, the variation of the secant 
modulus of shear  G  with shear stress  S  may he repre— 
R p n t o fl     "h v sented  hy 

GQ   -  kß (4) 

The constant  k  is the cotangent of the angle o.f ' 
slope of the shear stress-modulus line.  It has heen found 
more convenient to express equation. (4) in the form of 

G = &0Cl - C0S) (5) . 

where GQ   ~  k/&Q  represents thp linpar stress coefficient 
of the secant modulus. 

When the torsional stress—modulus line is curved 
from the origin, the stress coefficient of the modulus 
CQ  according to equation (5) would no longer he constant 
hut would vary with stress.  l>y adding another  term to 
equation (&), such a stress—modulus line may he more cor- 
rectly represented as ••--_••_.• 

& = G0(l - C0S - C 'S
3) (6) 

where  CQ  and  C'  are hoth constant.  The constant  C1 

is the quadratic stress coefficient of the modulus and is 
an index of the curvature of the stress—modulus line.  Use 
of the second coefficient  C'  will he made in the discus- 
sion of some of the test results in this report.  In fig- 
ure 4, however, the values of  C1  would he small and 
therefore were not derived. 
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Value's of  CQ  are indicated (see fig, 4) by a number 
adjacent to each stress— modulus line;  The value of  GQ 
for each stress—modulus line is indicated by the- intersec- 
tion of that line-with the axis of abscissas. 

" It is evident that values .of : CQ".-and  C'  changp ac- 
cording to variations in the .f orm of -;the. corrected stress— 
deviation curve;'"' The general equation- for. this curve as 
derived f r om Vquatiroii ' ('6 ) is • •.•-•-.;. 

<r '= S/G-= S/G0(I-C0S-C's2')      .. (7) 

where £ is the corrected shear strain".- As the linear and 
quadratic terras, are 'small-ccmpared with-.unity, equation (7) 
may  be   writt-eh   as ;   "'"^ ' -•?'--   " • 

£   =r~y(S   +   C0S3   +   C'sib   -. - (8) 

Since the strain corresponding to the t~a~n~ge~HTt to the stress- 
strain line at the origin is S/G-Q, the deviation c ^ from 
this   t angent   is •••••• 

e-d   =   e   -   S/Gn   =( Ü^*) (C0S»   +.CS3) • "    (9) 

When   the   s tres s— modulus    lin-e- is ~ s traight ,      C'      is   eero 
and   the   last-terra   in   the   parentheses   of. equation    (-9)   -disap- 
pears..--: .The   fit-re-Bs-^deviation  re-lat ionship .corresponding   to 
a   straight   stress—modulus   line,   therefore-,—is   represented 
by 

ed = co s2/Go • (10) 

which is the equation of—a quadratic parabola.  When  Cn 

is zero and the derived stress—modulus line is curved, 
equation (9) becomes 

€d = O'S'/SQ 

which is the equation f~or a cubic parabola. 

It. is possible that- the-" shear stress—deviati on curves 
are more accurately •represented, by equat±nne of. a different 
form, involving additional polynomial terms, or by a.mathe- 
matical expression of a different type.  If the. near" 
1-inearity of" the derived s tress—modulus curves is consid- 
ered, however, use of the empirical equations is justified. 
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Influence of Plastic Ext.ensiöü on . 

Shear Modulus of Elasticity 

Figure 6, based, on the values of  GQ  and  CQ  de- 
rived from the curves in figure 4, shows the variation., 
of  G-Q  and  CQ  with prior plastic extension, of the an—• 
nealed alloy.  Abscissas, represent plastic extension in 
percent.  The ordinate scale bn the left—hand margin-rep- 
resents values of the shear nodulus at zero stress  GQ 
plotted in the upper curve.  The. scale of values of  CQ 
plotted in the lower curve is.found on the right—hand 
margin. 

The shear modulus of elasticity  GQ  decreases gen- 
erally with increase cf prior extension.(fig. 6).  The 
value of  C_  was zero in every case except for.the 5— _ 

percent extension.  The positive value öf  CQ  indicates 

that the corresponding s tr es s—deviat io.n _qurve in figure 3 
is not linear over the lower stress range. • Such devia- 
tion from linearity is not apparent.in figure 3 and was 
measurable only wh<=n the curve was drawn to the much 
larger scale used for thp original diagrams.  No great 
significance should be attached,.therefore, to. this singu- 
lar-' deviat i on' i'n'-tlie  CQ  extension; cuwe... .Prior tensile 
extension dcres'i-nf luence the values of.. GQ. but has little 
influence, on" CQ . ' " •""  '•' '•  b _ .        . - 

Influence cf- Various Factors upon Torsional and Tensile 

Elastic Properties as Aff.ected by Plastic Extension 

In rpfr>rences 2 and 4 it was noted that the variation 
of the tensile elastic properties with extension or with 
annealing temperature could be dijrectly associated with 
three important factors: namely,' (a) internal stress, which 
may be either macroscopic or microstructural; (b) lattice- 
expansion or work—hardening factor; and (c) crystal reori- 
entation.  The first twc factors were described previously 
in this section.  The term crystal reorientation as used 
in this paper implies the change from, a state of. random 
orientation to a preferred state after appreciable deforma- 
tion.  This change may have a pronounced influence upon 
the elastic properties of many metals'. i. _J  

Increasing macroscopic or mlcrostructural internal 
stress will tend to decrease the tensile proof stresses 
and increase the tensile modulus of elasticity and its lin- 
ear and quadratic stress coefficients  CQ  and  C'.  An 
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increase in the lattice expansion is accompanied by an in- 
crease in the tensile proof stresses and a decrease in the 
tensile modulus of elasticity and its stress coefficients. 

The influence of the crystal—orientation factor is 
rfivsaled only by variation of-the modulus of elas tlci ty; 
apparently it has little influence upon  CQ, C',  or the 
other elastic properties. ' Its influence is dependent upon 
tho directional variation of the modulus of elasticity with 
resp-ect to the principal crystal axes and upon the preferen- 
tial crystal 'orientation found in the metal after appreciable 
cold work.  Detailed discussions of this subject are given 
in references 2   and 3. 

The variation of the several elastic properties with 
prior extension, with prior torsion, or with annealing 
temperature will depend upon the relative- dominance of 
these several .factors. 

The shear" modulus at zero stress  GQ  (f=ig. 6) and the 
tension modulus at zero stress  EQ  (reference 2) f-oT the 
annealed 18 : 8 alloy, in generaJL, deer eas e pr ogrese ive ly 
with increasing plastic extension.  This decrease is at- 
tributed in both cases to the predominant influence of—the 
lat t ice—expa.ns i on factor.  It has been noted that the pro- 
gressive increase of the torsional proof stresses with 
prior exts~irs~ion as shown in the curves for" 0.01— to 0. 10- 
percent set of figure 5 can be" attributed t d the "predomi- 
nant influence of-lattice expansion.  A similar relation- 
ship has been found f~or tensile proof .stresses. 

In tension tests, in which 6ingle annealed specimens 
were.given a series pf successive ex±«nsions, the influ- 
ence of these factors and of rest interval and extension 
spacing was evidenced by the fluctuations of the proof 
stresses, the modulus- at zero stress  Eg  and its stress 
coefficients,  CQ  and  C * .  Such- f 1'u.c tuat ions are not 

*The second report (reference 2)   was based on measure—, 
ments ob trained' wi th an extens ome te.r., which, though normally 
direct reading, was found later to contain a fixed calibra- 
tion error; the. extensometer assembly previously- had been 
altered in an unorthodox manner..  Knowledge of this error 
was obtained only after the report was first published.  It 
is necessary, therefore, in order to.secure proper .quantita- 
tive data from this report to study an important errata sheet 
that should accompany all copie-s ,  The corrections indicated 
by this errata sheet are quite.simple, involving only the 
multiplication of some modulus values by a fixed correction 
factor; this change does not affect qualitatively- the results 
or conclusions given in the or igina.1 r eport . 
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evident in .figures 5 and 6,  As previously stated, the 
gradual increase of internal stress with increasing exten- 
sion (fig. 5) is. evidenced by its depressing influence 
upon the shear proof stresses for the lov^r values of set. 
This effect has been noted also in tension: measurements. 

In tension tests of the annealed 18:8 alloy, it was 
noted that the linear and the quadratic stress coefficients 
differed considerably for different degrees of prior exten- 
sion.  In torsion tests, the linear stress coefficient  CQ 
is zero over nearly the whole extension range (fig. 6); 
whereas  C',  as evidenced by the slight curvature of the 
s tr es s—modulus lines .(fig. 4); is small.  This difference 
in values obtained in tension and torsion tests is not 
wholly accounted for by differences in the two test pro- 
cedures.  It is probable that plastic extens ion influences 
the torsion coefficients to a somewhat lesser degree than 
it does the tension coefficients.  In tension measurements, 
CQ f irs.t . increased , owing to the predominant influence of 
increasing internal stress, and later decreased., owing to 
the predominant influence, of lattice expansion.  The in- 
ternal—s tress factor evidently predominated only in the 
very early stages of extension in causing a rapid ris" of 
C1, which then decreased more gradually to zero within 12— 
to 16—percent extension. 

curves of such materials as monel metal, Inconel (ireferen 
2)-  nickel, and copper (reference 4) but not in the curves 
of 18:8 chromium—nickel steel (references 1, 2, and 4). 
The range- of plastic extension in the present torsion 
teats, however, is insufficient to cause any appreciable 
crystal reorientation. 

INFLUENCE OF PRIOR PLASTIC TORSION OS TORSIONAL ELASTIC 

PROPERTIES OF 18:8 CHROMIUM-NICKEL STEEL 

Extension causes cylindrical deformation of the poly- 
crystalline alloy if the tension is applied without trans- 
verse restraint.  In the cold drawing or rolling of bars, 
additional transverse restraint is applied.  Tensile load- 
ing can be shown to be equivalent to the simultaneous ap- 
plication of a volume—expansion force and shearing forces 
along planes situated at an angle of approximately 54°44 ' 
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with r espe-ct. trö-the dir ect'ion. of loading-. . It was consid- 
ered of interest, therefore, tö. study the influence- of 
plastic shear alone upon the ttrrsional elastic, prope-rties 
of the 18:8 alloy. • 

The test procedure was similar to that used in thp 
previous -inves tig'at i OJI ofVthe .effect of prior extension 
upon the tensile elastic properties of metals (references 
1 to 4).  This procedure—consists in obtaining correlated 
torsional stress—set and s tress—.deviati on curves from 
test" data for a single specimen, in thp as—received condi- 
tion and after' imparting successive, predetermined incre— 
nints of plastic torsion'. . The. method of dete-rmining indi- 
vidual torsional stress—set or stress—deviation-curves is 
described in: a- preceding section.  This procedure was fol- 
lowed for the. annealed, the half—hard, and the hard 18:8 
chromium—nickel steel. 

. In tension'; tests , the range of the plastic extp-neion 
over which elastic proper ties, wer e measured was' limited to 
the range of uniform contraction-of the specimens.  In 
torsion tests, however, no .significant change occurs in the 
cr os s .8 ecti on of the tube.  The' limitation to uniform de- 
formation will he shear fracture, or buckling or helical' de- 
formation (reference 6) ..because- of -e-last~ic or plastic in- 
stability. 

The-use of" thick—walled- tubing , ras indicated' in a pre- 
ceding sect ion , would decrease both. the. uniformity of stress 
distribut ion • and. the- accuracy "of .dete-rmining the mean stress. 
These considerations led to 'a • compromise- in a value of- 0.1 
for the ratio of wall thickness to tube diameter, • In the 
present investigation, observable^ helical deformation was 
f ound- t"ö""be the only limitation to th-e range of uniform 
defonmation. . : 

Effect of Eri'or Plastic Torsion upon Torsional Elastic 

Strength of Annealed 18:-8 Chr omium—Nickel Steel 

Shear s tress— deviat-i on and stress—set curves are shown 
in the upper and lower rows, respectively, of figure 7, as 
obtained afteT var ious' increments • of plastic, torsion of a 
specimen of the as—received annealed alloy.  The origin of 
°ach curve is-shifted iro_the right a-constant die tance'from 
the.—origin of the' preceding curve.  Each"curve thus has its 
own scale of abscissas." •' -  • 
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.The curves from left to right were obtained consecu- 
tively after intervening (varying)' amounts of prior plastic 
shear.  Some of these shear increments were large; others 
were, equivalent only to the plastic shear obtained in de- 
termining the.previous shear stress—set curve.  .Between 
increments of torsion, the specimen was allows 'to rest "be- 
fore determining the subsequent stress—strain and stress- 
set curves.  The duration of such, a rest interval will ' 
have a pronounced influence upon the form of the stress- 
set and.stress—deviation curves derived from subsequent 
measurements. 

In making a series of torsion tests of a specimen, a 
total plastic shear of about Ö.1 percent was usually ob- 
tained during the initial test.  After a resjt interval of 
about 30 minutes, a second series of load cycles was ap- 
plied to thp specimen and a somewhat greater total plastic 
shear was obtained.  Occasionally, following a similar 
rest interval, a third series of measurpments was made 
during which a large total plastic shear was obtained._ 
The introduction of a third test in a series, a procedure 
that was not followed in the measurement of tensile elas- 
tic properties, was made in those cases where the time 
schedule permitted; it enabled the securing of additional 
useful •test.dat.a within a given total time interval with- 
out influencing the results obtained from other tests in 
the serie-s.  Following this pa.ir or trio of tests, the 
specimen was allo.w.ed to rest for a period of 18. hours or 
longer and the. .entire procedure was repeated.  This sched- 
ule was continued until helical deformation of the test 
specimen occurred. 

Certain changes will occur in the test specimen dur- 
ing a rest interval as evidenced by negative torsional 
creep during, this period.  Any "far iat iön in temperature 
with time after previous plas't ic: shear , although effecting 
a change .of dimensions of the specimen, will not cause  any 
change in. the tor si on—meter readings.  Since elastic shear- 
ing strain causes no change in volume, no subsequent ther- 
mal creep, occurs (reference 1).  Torsional negative creep 
probably is associated.only with changes in lattice .expan- 
sion following preceding plastic; torsion. 

The prijor torsions are not indicated in figure 7.  The 
curves are numbered consecutively, however, and the per- 
centages of prior torsion, as calculated by equation 3 .in 
terms of unit shear, may be found by referring to the cor- 
responding points in figures 9 and 1Q._  These joints .are 
calculated from curves in figure 7 in a manner previously 
described for figures 5 and 6. 
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The rest- interval preceding each test -is indicated 
by a designating symbol  for the öury^s. or points ön the 
diagrams-^  In:f l.gur e 9- the:. shear proof stresses are plot=» 
.ted;against•the corresponding percentage of -prior plastic 
torsion. . ^:if"ferenc-es • in the increments of plastic torsion 
between curves permit the determination of the influence of 
this variable .upon the.ferm^of the stress—set curve and the 
values of the derived proof stresses <• The distribution of 
the-se—increment s over the range of total prior torsion is 
termed "torsion spacing."  The-shear stress—set relation- 
ship, as affected by plastic torsion, rest.intnval, and 
torsion spacing may be studied best by considering both 
the.stress—set curves and the derived curves showing the 
variation of the shear proof stresses with different de- 
grees of-prior plastic torsion.  The steeper the stress- 
set curve, the higher are the derived proof stresses.  As 
indices of torsional elastic strength, the proof stresses 
based, on 0.001— and 0. 003—per cent torsional proof set 
probably should receive.more consideration than the proof 
stresses based on larger percentages of plastic shear. 
The . 0. 1—per cent torsional proof set should be viewed, as an 
index of .the shear yield strength rather than as an index 
of- the shear -elastic ..strsngth, 

The oscillations of the 0.001— and 0.003-percent 
pr oof—stress - curve (fig. 9) gene-rally are larger than, 
though similar to, the-curves for the higher values of 
proof set-;— The oscillations are- therefore principally due 
to changes in-trhe properties of -_t he^t^et. specimen and not 
to a lack of accuracy of.the testing apparatus.  These 
oscillations are qualitatively similar to those obtained 
in the—tensile proof s tres s—. extrem ST. on curves for this 
alloy (r_efere-nces 1 and 2).- • 

The stress—set curves (fig. 7)   obtained after long 
rest intervals generally.are less steep than those obtained 
after short^rest inte-rvals.  For successive curves having 
short rest intervals of similar length,- the curve corre- 
sponding to the smaller torsion spacing generally is 
steeper; this difference in steepness usually is not 
marked.  These relationships are b^st illustrated in the 
derived diagram of figure 9...... Points - corresponding to long 
rest intervals are usually lower than those corresponding 
tö short intervals.- With two successive point correspond- 
ing to equal rest intervals, the second point», which cor- 
responds to a large prior, tor s ion - s_pacin-g-i— usually is 
slightly lower. 

The oacillatrions- (fig. 9.) due to the influence of rest 
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interval and torsion spacing are superposed upon curves 
of variation of proof stresses due to prior plastic tor- 
sion alone.  These last—mentioned curves, hereinafter 
termed "basic curves," are smooth in form "but cannot be 
determined independently.  The basic curves would be ap- 
proximately parallel to curves drawn through the mean 
positions of the .oscillations. 

The basic 0.1— and 0.03—percent shear proof stress 
curves in figure 9 would rise continuously over the' indi- 
cated range of prior torsion.  The two lower basic curves, 
however, would show a rise over only the initial part of 
the range of plastic torsion and would thereafter descend 
gradually.  These oscillations in the proof stresses (ref- 
erences 1, 2, and 4.) probably are due to variations of in- 
ternal stress.  The decrease of proof stress following a 
long rest interval is attributed to negative creep induced 
by the preceding plastic deformation. 

The rapid initial rise of the basic proof—stress 
curves, (fig. 9) with prior torsion and the more gradual, 
rise., in the upper curvps for subsequent stages of prior 
torsion (0.1— and 0.03—percent set) are attributed to work 
hardening of the metal .in shear; that is, to the lattice— 
expansion factor. 

The relative influence of plastic extension and 
plastic shear may be noted in a comparison of figures 5 
and 9..  The differences in proof—stress values for corre- 
sponding sets at zero abscissa are due to differences in 
the initial hardness of the specimens.  As previously 
noted, this condition is due to the difference in treat- 
ment of the as—received—annealed and laboratory—annealed 
material, and1 may account for the generally ' 1 ower value 
of proof stress for the curve in figure 5 than for the 
corresponding curve in figure 9. 

Because two weeks had elapsed between the time of 
prior extension and the time of testing the specimens re- 
ferred to in figure 5, it is presumed that the processes 
of negative creep were completed during this- time inter- 
val.  This conclusion is evidenced by the gradual rise 
of the proof—stress curves (fig. 5); if the process, of 
negative creop was not completed in the extended specimens, 
there would have been a large increase in the proof—stress 
values between 0 and 0.5—percent extension (such as is 
indicated in fig. 9). 
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The-general  rate   of   increase   of"proof   stress    in   the 
curves   for   0;01—   t o   0. 1—percent-  set  for   teneile'ext^nsion 
(fig.   5)    is   greater   than   that   far   tie   corresponding   onrvfls 
f or   prior   plast ic   shear ' (fig. '9).    • It -'is ' of    interest ,- 
therefore; ^ttr; obtain   an ."index   of- initial   wor-k   hardening 
of --.this r metal   -in- shear-.      If   it " is-"as spumed   that   the   ratio 
of   shear   strain   to   tensile   strain   is   the   same-as   the   the- 
oretical   equivalence   of   these  factors;   that   is,   1^:1,   the 
shear   work—hardening   index   comparable-  to   the   previously- 
defined   tensile   work—hardening   index  would   "be- the   rat~io   of 
the   0.1—percent   shear   proof, stress   at   4——percent   prior 
torsion   to   that   at   0   percent   prior   torsion.      For   the   as- 
received   annealed   alloy     TA      (fig.    9),   this   ratio   is   1.30, 
a   value   somewhat   smaller   than   the   value   of   1.70   previously 
computed  for   the   tensile   work^har'dening.  index   (fig.   5.)". 
This   difference   in  work—hardening   index  would  T)e   .even 
greater ,' -e-zcept   for  the   rapid   increase   in   shear   proof 
stresses   during   the   initial   stages "of   prior   plastic   shear 
(fig.    9)..    The   difference   in   value   probably   is    largely   due 
to   the   differences   in   hardness   of   the   as—received   annealed 
and   laboratory   annealed   specimens. '   • 

For   the   higher   values-  of "pijlbr ;plastic   straint   the 
0.1—percent   torsional   pr öof "e tress"'curve   based   on   prior 
extension    (fig.   5),    is   steeper   than   the'   curve-  based   on 
prior   torsion    (fig.    9)..     At   large   values .of   prior   deforma- 
tion,   however", -the   average r.ige'" "of -the   0,1—percent   proof- 
stress   curve' in  figure -5   over   a,  pr i or—ex'iens i on   increment 
of   1.0   percent   is" app'r o'xima"t e.ly   equivalent   t o   the .average 
rise   of   the   corresponding   curve  "in  figure   9   over .a   prior- 
torsion   increment   of   1.5   percent."     This   relationship   indi- 
cates   that   the   work—hardening  rates   for   large'  strain   values 
of   the   alloy   induced   by   tension- or   by   torsion   are   approxi- 
mately   equivalent   if   the   assumption  regarding   the.   equivalence 
of   tensile   to   t or si onal   s train "is"  dorrect . 

3f f e-Bt   of   Plastic   Torsion   on   Str-e&s^Strain  Selat ionship 

of-Annealed   18:  8   Chr omium—Kicke L^S tee 1 

The . c orr ecte-d s tr es s—deviation curve of the annealed 
alloy (fig. 7) tends to decrease, in slope and t o -tnc-rease 
in curvature with increase inplas-tic torsion. There is, 
moreover , n-o direct r e lati~o~nship between the form of this 
curve and the duration of the rest .interval,- The signif- 
icance   of   variation   in   the   form   of    the   curve   is   revealed 
in   the   derived   diagrams    (figs..   8   and   10). 
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The stress—modulus lines in figure 8 show an increase 
in curvature with an increase in prior tors'ion.  The ini- 
tial slopes of thfisp curves, however, do-not vary in a 
regular manner.  The variation with prior .torsion of the 
shear modulus at zero stress  Gg  and its linear stress 
coefficient  .Cg  is shown in the upper and lower curves, 
respectively, of figure 10.  The shear modulus decreases 
with increasing plastic torsion at a gradually diminishing 
rate, reaches a minimum at about 8—percent .torsion and then 
increases slightly with further torsion. 

The value of  Cg  fluctuates considerably throughout 
the range of torsion.  A curve drawn through the mean posi- 
tion of the points, however, would rise rapidly at first, 
reach a maximum at a torsion of about 3— percent, and then 

2 
recede only slightly thereafter.  Slight differences in the 
form of the. lower parts of the str es s—modulus lines cause 
large variations in the value of  Cg.  Because of the 
marked curvature of the stres s—modulus lines for this' alloy," 
values of the quadratic stress coefficient  C'  have "been 
derived from these curves and plotted against prior torsion 
(fig. 11).. The   derived curve may be considered as- consist- 
ing of oscillations superposed upon a basic curve of smooth 
form.  The basic curve would .rise continuously with torsion, 
reach a maximum at a torsion value of about 12 percent,and 
decrease thereafter.  .This curve differs from the curve of 
variation with prior extension of the quadratic stress co- 
efficient  tJ '  of the tensile modulus ; as ncrt-ed in refer- 
ences 2 and 4, the tensile curve rises abruptly to a maxi- 
mum and then decreases at a lesser rat e, reaching a zero 
value after 12— to 16—percent extension.   

Values of the shear modulus at an intermediate stress 
of 20,000 pounds per square inch have been .plotted against 
prior torsion in figure 10; these values were obtained 
directly from figure 8.  This curve shows a general decrease 
of this .intermediate modulus  &20  throughout the indicated 
range of prior torsion; the. curve is quite, smooth -in "form. 
It is qualitatively similar to the intermediate' tensile 
modulus  E30  and  E50  curves for this alloy. 

It can be. shown that the differences between values of 
0-30  and  G-Q. at corresponding prior torsion.s are•dependent 
principally upon the large values of the quadratic .stress 
coefficient  C',  and, only to a lesser extent upon-the 
values, of  Cg.  The differences between values, of the ten- 
sile moduli  Eg  and "E50  a.t corresponding extens i ons (ref- 
erences 1 and 2) were found to be dependent principally 
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upon the magnitude of the linear stre-ss coefficient  Cn. 

It must b-e noted that thp  G20  curve (fig.'lO) is plotted 
over the lower range of deformation; wh-ereas the  E30  and 
E50  curves are plotted over somewhat higher ranges  of 
deformation.  The torsional stress—deviation curve—for 
annealed 18 1 8 chromium-nickel steel, therefore, is nearly 
a cubic parabola throughout the range—of prior torsion; 
whereas tensile s tress— de viat~Lon curves of the form of cu- 
bic parabolas are obtained only in the initial range of 
prior extension.  The oscillations of the—curve for  C<-i 
(fig. 10) and  C1 (fig. 11) are irregular and therefore 
bp>ar no apparent relation to the magnitude of rest inter- 
vals and torsion spacings.  It is probable that thes-e 
irregularities are due partly to oscillations in internal 
stress and partly to limitations in the sensitivity of the 
apparatus.  The relatively smooth forms of thp curves of 
variation of  G-Q  and  G2o  with prior torsion (fig. 10) 
indicate that time intervals.and torsion spacings exert 
litile influence on the values of these indices. 

Effect "of Prior Plastic Torsion upon Torsional Elastic 

Strength.-of-Half-Hard and Hard Steel -. 

The torsional.stress—set curves of—the half^hard and 
the hard-18 : 8 chromium—nickel steels are shown in the 
lower portion of figures 12A- and 125-, respectively.  The 
amount of^total prior plastic torsion corresponding tö 
each curve may be.obtained from the der-ived diagrams in 
figures 14 and 15, 

.'..•.   The stress—sa^ curves for both.the half—hard and .the 
hard alloy cpr.r e.sponding -t o long rest intervals generally 
.are less steep, than the. curves immediately preceding or ' 
following which .c orr espond to relatively short rest inter- 
vals.  This phenomenon is revealed in "the derived diagram 
of .proof stress versus prior -to-rs ion • (f ig. 14) by the 
minima in proof s tres se.s- -for Indicated long prior rest 
inter v a1s. 

There is significant incr ease-uin .-pr oof stresses (fig. 
14) accompanying the initial increment- of prior torsion in 
every case. .With fur.ther torsion, t he-, pr oof — stres s curves 
for 0.01— to 0. 1—per gent. set rise.  T-he proof—stress curves 
for 0.001- and 0.003-percent set for the half-hard 18 : 8 
chr omium—nickel steel (fig. 14A) first decrease and then 
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increase with little o-s cillat i on ; whereas the same curves 
for the Jiard .alloy (fig. 14B) fluctuate appreciably, ex— 
hib it ing a general decrease wiith prior torsion. 

.The oscillat ions-.in the curves probably are .associated 
wit.-h--var iat ions in torsion spacing and rest intervals and 
are superposed upon basic, curves shoving more gradual .vari- 
ations.  These basic curves would be approximately parallel 
to curves passing through the mean positions, .of t hp. ' der ived 
points.  The minima in the curves at points corresponding 
to the longer prior rest intervals is attributed to nega- 
tive creep.  The variation of the basic curve for the most 
part probably is due to variations in the internal stress. 
The small risp in the upper proof—stress curves of figure 
14 suggests that the influence of the.lattice—expansion 
factor is slight. 

Shear Modulus of ^Elasticity of Cold—Drawn Steel 

The torsional stress—deviation curves for half—hard 
and hard cold—drawn 18 : 8 chromium—nickel steel are shown 
in the upper portion of figures 12A and 12B , respectively. 
The solid—line curves are derived, from the broken—line 
curves by correcting for.the torsion.set obtained from 
the corresponding' torsion stress—set. curves immediately 
below.  There is no apparent, relationship be.twee.n the form 
of the s tress—deviat ion curves and the duration of the 
rest interval.  All these lines, however, are prominently 
curved. 

The s tress—modulus lines in figure 13 .were .derived 
from the s.olid—line s tr es s— deviat ion curves.  With few 
exceptions, the. s tress—modulus Lines are straight through- 
out their extent and slope- with respect to the. vertical. 
The linear stress' coefficient. CQ.,  the index of this 
slope, is indicated on each line;.  One notable exception 
to the indicated linearity is the initial, stress—modulus 
line of the hard alloy,-  This. 1 ine. -has.-practically zero 
slope over the lower part of the stress range, but curves 
appreciably at higher stresses, indicating decreasing 
modulus values with increasing .shear stress.  No signifi- 
cant curvature occurs in the other stress—modulus lines. 

Figure 15 shows the variation, of the "shear modulus 
of elasticity at zero stress  G-Q  and its linear stress 
coefficient . "CQ  with prior torsion for the half—hard and 
the hard 18t8 chromium-nickel steels.  These values are 
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dfirivpd'.'from figures 12' and. X3 . ' The shear modulus at zero 
stress ' G-Q'- sf the half—hard' alloy is higher' than that of 
the hard alloy.  During the initial stage of prior torsion 
for the half-hard alloy, (fig. 15A),  G-Q  decreases rapidly 
to a minimum kut"varies little with further torsion.  For 
the. hard alloy, (fig. 15B), the value of- GQ  fluctuates 
with change in prior torsion; a mean curv«'of this varia- 
tion would show'gradually decreasing values of shear modu- 
lus with increasing torsion. 

The linear stress coefficient of the modulus  CQ  for 
both half—hard and hard 1.8:8 chr bmiura— nickel steel fluctu- 
ates somewhat but generally increases with increase in 
OT.ior torsion; these osciallations are greatest for the 
hard alloy.  The oscillations in the curve of  CQ  in 
general have a like course to the curve of  G--0 (fig. 15). 

Influence of "Various factors upon Torsional arid Tensile 

Elastic Properties as Affected "by Plastic Deformation 

The influence of various factors upon torsional and 
tensile plastic properties as affected in each case "by 
plastic extension wa^s discussed in the preceding section. 
In the prpsent 6,1B cuss ion , ' the Variation of thp tensile 
elastic proper-ties with pr o gr e-s s'i v e plastic extension is 
compared with the variation of th> torsional elastic 
pr oper_t±e~s" with 'pr ogress ive • plas t ic tors i on . 

The increase in internal stress with increasing 
plastic deformation of the annealed alloy tends to lower 
hoth torsional (fig. 9) and tensile proof stresses (ref- 
erences 1 -and 2) for the smaller set values (0.003— and 
'0.001—per cent set).  Furthermore, this increase in in- 
ternal stress tends to increase the linear  (Co) and the 
quadratic (C ' ) . sitres s coefficients of the modulus for 
"both torsion and tension.  This increase- also tends to 
cause a slight initial rise in the  GQ  and  EQ  curves 
(fig. 10 and reference.2). 

The general decrease" of—the' shear modulus'at zero 
stress  G-Q  °^ tn° annealed alloy with progressive prior 
torsion (fig, 10) probably^ is due to the dominant influ- 
ence of t he.' lat tirc"e—expans ion factor; this factor also 
was, apparently dominant in the lowering of 'iKfe terisile 
modulus at zfro stre-ss  EQ. with progressive prior exten- 
sion.  The lattice—expansIon factor predominates -in caus- 
ing a decrease of the quadratic stress coefficient of the 
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shear modulus . C ' • for the higher degree of torsion (fig. 
11); it became dominant; however ,' at s omewhat smaller 
equivalent deformations in causing lowering of  G'  in 
thp tensile tests*  This same factor is effective in caus- 
ing a rise of thp proof stresses for' the higher values of 
set with progressive prior deformation in "both torsional 
(fig. 9) and tensile tests.  The general decrease in shear 
proof stresses after a long rest interval•following prior 
torsion is probable evidence of a partial decrease in 
hardness of the- metal', which is a manifestation of the 
influence of the lattice-expansion factor. 

As previously noted, plastic deformation tends to 
change the orientation of grains of annealed polycrystal— 
line metals from the random to a preferred state.  Because 
of directional variation of the modulus of elasticity of- 
a mptal crystal, this change to a preferred orientation 
may affect the mean modulus of elasticity of such aggre—' 
gates.  The effect of this change, however, usually he- 
comes evident only after severe plastic deformations,. 

This factor is prevalent in-causing at indicated 
large def or mat i o;ns the ris? of the curves showing varia- 
tion of the tensile modulus  EQ  with progressive exten- 
sion for monel metal, Inconel, copper, and nickel.  It is 
not prevalent, however, in the tensile curves for an- 
nealed 18 : 8 ehromium—nicke 1 steel.  Although the range 
of • def or mat ion indicated in the  G-Q- curve (fig. .10) is 
small, the general decrease in slepe of this curve may 
possibly be associated with a change in crystal orienta- 
tion. 

In reference 1., the influence of prior plastic exten- 
sions upon the tensile elastic properties of the half—hard 
and hard 18 : 8 chromium—nicke 1 steel was shown.  The half- 
hard grade used for that investigation had received ap- 
proximate ly the sam<= amount of cold, work as had the half — 
hard material us«d in-the present investigation; the hard 
materials used for the two investigations differed consid- 
erably.  The. comparison will therefore be. made only of the 
results of the torsion.and tension tests upon half—hard 
18 :.:8 chr omium—nickel steel,. The two steels used in the 
present investigation differed little in hardness.. 

An initial rapid rise of all the proof—stress—  
deformation curves of the cold-^dr?wn . alloy occurs in all 
cases whether. t.es ted in tension or torsion.. This rise 
probably is due to the reduction of internal stress accom— 
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panying   initial   deformation.      The'smaller   rate   of   riBe   of 
the   pr oof-r-s tress-curves   for   0, 03— .and   0 .1-percent   set.with 
'       ' " " ' " also 'character is fc-ic   of   both   the 

Although this condition may 

The'torsional-and tens He—modulus (C0  and  EQ) 

curves of the cold—drawn alloy (see fig. 15 and reference 
l) exhibit1 a decrease "with increase in -defor mation .  This 
condition probably is due to the dominating influence of 
the lat t Ice—expans ion factor.  The- initial value for. GQ 
for the hard 18 : 8 chromium—nickel steel is low in the 
torsion case (fig. 15), but is high in the tensile ' case 
(reference !L) ; this suggests that the tubing used In tor- 
sion test-s may have been given a stress—relief annealing 
treatment following cold drawing during manufacture. 

INFLUENCE OP ANNEALING TEMFEEATUEE 'ON TOESIONAL ELASTIC 

PEOPERTIES OF 18 : 8 CHEOMIUM-NICKEL STEEL 

The effect of annealing temperature upon the tensile- 
elastic properties of 18: 8 ehromium—nicke 1 steel was.dis- 
cussed in references 2 and 3.  It was found that by anneal- 
ing the cold.—worked 18 ; 8 alloy within a range of tempera- 
ture- below . that . of r ecrys talli zatrion , .a definite increase 
in tensile proof .stresses and te-nsile modulus" of elasticity 
W8.s obtained.  S i milar . expe-r iment s have been made to ascer- 
tain the effect of annealing temperature on the torsional 
elastic properties in the.present investigation.  A series 
of tor s ion—test specimens of the hard.—alloy tubing was. 
annealed at "temperature s ranging, from ro on temperature" te 
1900° P-with each'spec imen. annealed at.a different tempera- 
ture.  A stress—set curve and a stress-deviation curve f-or 
each specimen are shown in the 1ower'and:upper portions, 
r e-spectively, of figure 16.  The temperature at which each 
specimen was annealed is indicated on the corresponding 
curve. • The curves for an annealing temperature of 19~0~D° F 
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occupy only a small stress range; they are based on the 
same data as are the initial curves in figure 3 which 
were drawn to a more open stress scale«  They are repro- 
duced in figure 16 for the purpose of comparison. 

Effect on Torsional Elastic Strength 

For specimens annealed within the range of 300° to 
1100° 3T , the initial part of the shear stress—set Curves 
is more nearly vertical than that for • the • cold—drawn tub- 
ing as received (fig. 16).  The maximum shear.stress 
reached over the indicated torsion—set range is greatest 
for annealing temperatures ranging from 500° to 900? E. 

variations 

as — 

Effect on Shear Modulus of Elasticity 

and Its Stress Coefficients 

The solid—line stress—deviation curves in the upper 
row of figure 16 have been corrected for permanent shear. 
These corrected curves tend to become more nearly vertical 
with increase in the annealing temperature.  A high value 
of the shear modulus for the fully annealed metal (1900° E) 
is indicated by the slope, to the left of the corresponding 
corrected curve.  Such a negative slope is caused by the 
selection of an assumed shear—modulus value smaller than 
the modulus of the test material.  The stress—deviation 
curves for temperatures of 300°, 500°, 700°, 900°, and 
1300° E are somewhat curved, indicating a variation of the 
modulus with shear-stress. 

The derived stress—modulus lines for metals annealed 
at various temperatures are given in figure 17.  Curves 
indicated by'annealing temperatures of 300°, 500°, 700°, 
900°, and 1300° E have positive values of. CQ; the remain- 
ing lines have an initial zero slope.  The stress—modulus 
lines are curved at the higher values of stress.  The quad- 
ratic stress coefficients of the modulus corresponding to 
these lines, however, are small; no •" tabulat ion of these 
values is given. 



30 . NACA Technical Note No. 886 

Figure. 19, shows „the v'ar ia'jb.lon ..of the shear .modulus 
of elasticity at' zero 'stress  GQ " and its" linear stress 
coefficient  CQ  with annealing temperature;  GQ  shows 
a general -.increase .wi th.increa.se .in annealing temperature 
with the value of the modulus being nearly constant over 
the range from 500° to 1100° F.  A further increase in 
annealing temperature, which produces softening causes a 
more, rapid -rise in ..the-.mo.dul.ua.. . She ..linear %tre.s& coef- 
ficient :of. ..the mo-dulUB ~C-Q' reaches -a' maximum f or an an- 
anealing • temperature of. 500° F hut decrease's at higher 
temperatures.     ., .   ... 

Influence of Various Factors upon T-orsional 

and Tensile Elastic Properties 

The curves showing the variation of torsional and 
tensile pr oof- stresses with different annealing tempera- 
tures are similar in form.  A maximum is reached in hoth 
sets of cuxves at about 900° F (fig, 18 and references 2 
and 4).  With increase of annealing temperature, up to 
900° F, there is evidence of a significant decrease in the 
internal stress.'  T.his change of internal stress tends to 
increase the shear (fig. 18) and tensile proof—stresses-^ 
With furtrher increase in- temperature, the influence of 
recrystallization or softening of the me-tal will predomi- 
nate in causing a lowering of- hoth torsional and tensile 
proof ßtresse-s. 

•The curves showing variation of- the modulus of elas- 
ticity and of its. linear stress coefficient with different 
annealing temperatures for hoth torsion and tension are 
similar in form.  The influence of recrystallization; that 
is, elimination of work—hardening or lattice—expansion 
effects, evidently predominates over the whole range of 
annealing temperature and causes a rise with progressively 
increasing temperature of hoth- the shear and_.tens.ile moduli 
of elasticity.  The decrease of internal stress in the 
intermediate temperature range (5.00°-1TQ ll.OQ0 F) probably— 
is responsible- for the 'deer eased, s lope of the modulus- 
temperature curve in "this region (fig. 19); 

Maxima in the curves of- CQ  with annealing tempera- 
ture are obtained at an int-e~T~irre~diate-- temperature in both 
torsion and tension.  The cause for these maxima has not 
been ascertained. 
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CONCLUSIONS 

The effects of plastic deformation (extension or tor- 
sion) on the shear elastic properties of 18 i 8 chromium— 
nickel steel.were studied and in many•respect s  were found 
qual itafrively .s imilar to the effects of plastic extension 

• on.the. tensile elastic properties of this metal.  .In the 
following general conclusions,.thp exceptions will he 
not pd. - ..-.--_.. 

• 1. An incomplete view of the .torsional elastic prop- 
erties of this alloy is obtained hy considering either 
the stress—set or str.es s—s train relationship alone.  Con- 
sideration should he given both relationships. 

2. Shear stress—set curves may be used to derive 
proof stresses that represent the stresses causing various 
amounts of permanent s^t..  Gor responding shear stress- 
strain and stress—set curves may be used to.derive-cor- 
rected stress—strain curves representing the variation of 
elastic strain with stress. 

3* Curves showing- var iafc ion . of shear ..pr oof. stresses 
with prior plastic deformation often consist of oscilla- 
tions superposed on . a ..gradual ,wave like ..mean curve... These 
oscillations generally.are.associated wi th. var iat ipns -in 
the duration of the rest int er.val .-and the-degree of, .defor- 
mation s pac ing. . .,..,.-   ..'.,....•.,., 

4. The proof stresses r epres en,t ing'_.the permanent: set 
values of 0.01, 0.03, and • 0 '. 1 percent generally increas e 
continuously with prior plas t ic ..def ormat i on ,  The 0-, 001— 
per.cent proof stresses and, in some cases, t he-0. 003- 
percent proof stresses do not increase or decrease continu— . 
ously but fluctuate and shown little, general upward or 
downward -. trend with deformation.  These., os cillat i ons are gen- 
erally more pronounced for the • work—bardened than for the 
anne.aled alloy. ~ 

5. The variation of the shear proof stress with prior 
plastic- deformation is affected.by: (a) macroscopic in— 
L            "• stress , which is caused by nonunif or mity • of plastic 

i 

.s 
 ,, _ _ ^   _ ____...„w^ ^„ „..  -   - plastic 
deformation   of -variously   oriented   grains   of   a   polycrystal— 
line   aggregate   and   to   differences   in. strength   of.different 
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microconstituents ; and (c ) space—lattrLce changes involved 
in work: hardening; that is, the work—hardening factor or 
the lattice—expansipn factor. 

• 6. The variation of- t he shear proof stresses with 
prior plas-feic deformation is affected by t-he rate of work 
hardening and by the change of internal stress, both 
macroscopic and microstructural.  Work hardening tends to 
increase the proof stress.  Increase of internal sfcre-ss 
tends to decrease the proof stresses; especially the 
proof etr-esses that may be regarded as indices of elastic 
strength (0.001— and 0.003—per cent proof stress).  The 
lack of a significant" rise of these lower pr oof—s tr es ses 
with prior plastic def-oTmation probably is due to a gen- 
eral-increase of internal stress, 

?. Rest, following deformation, tends to lower the 
proof stresses , especially those representing the lower 
values of set (0.001 and 0.003 percent).  It is believed 
that rest probably causes some decrease in hardness of 
the metal. 

8. Curves of variation of the secant modulus with 
stress may be derived from corrected shear stress—strain 
curves.  The stress—modulus lines for the annealed alloy 
frequently are curved.  With progressive prior plastic 
torsion the curvature of the shear stress—modulus line 
increases slowly, reaches a maximum aft^r moderate plas- 
tic' torsion, and then decreases.  With prior plastic ex- 
tension, however, the curvature of the tensile stress- 
modulus line increases rapidly and then decreases; this 
line becomes straight after moderate extension of the 
alloy.  The stress—modulus lines for tire work—hardened 
alloy in both shear and- in?ITS ion exhibit negligible our— 
vature. 

9.' Linearity of the shear s tress—modulus line indi- 
cates that the corresponding stress-strain 11&# Is. a 
quadratic parabola.  The curvattrre of Buch a parabola'; 
that is, the slop« of the s tres s—modulus line, .may be 
measured by the linear stress1 coefficient of the modulus. 
The shear modulus at zero stress may be obtained by ex- 
trapolating the stress—modulus line to zero stress, 

10. When the shear stress—modulus line is curved 
from the origin, a second constant, the quadratic stress 
coefficient of the shear modulus, is required to repre- 
sent more adequately the curvature of the stress—modulus 
line.  For some metals free from the effects of cold 
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work, the linear stress coefficient is zero, the quadratic 
•stress coefficient has a positive value, and the stress- 
strain line is a cubic parabola.  When the stress—modulus 
line- is curved and not vertical at the origin, the stress- 
strain line may "be viewed either as ä superposition of a 
cubic parabola on a quadratic parabola or as a parabola 
with an exponent between 2 and 3. 

11. When' the shear modulus at zero" stress, its linear 
and quadratic stress -coefficients, and the shear proof 
stresses have been derived, a fairly complete description 
of the elastic properties of a metal in shear is available. 

12. Because-of the great directional variation of the 
modulus of elasticity of some me tal ' cr Jfs tals , a change in 
orientation of th:e-grains of a polycrys talline aggregate 
may greatly affect- the modulus—dßförmätion curve.  Anneal- 
ing may have a significant influence'on the crystal orien- 
tation and thus affect the modulus of - elasticity. 

13. The curves of -the shear modulus at zero stress 
with prior plastic deformation for many metals are con- 
tinuously influenced by three important variables: crystal 
orientation, internal stress, and lattice expansion.  The 
curves..of variation of the linear and quadratic stress 
coefficients ;of the modulus with plastic deformation are 
continuously influenced by the last two factors.  A change 
in dominance- -from one factor to. another is accompanied by 
a -reversal -of- :t-he- corresponding curve.  The effect of the 
reorientation factor- on the' 18 s 8 car omium— nickel alloy is 
not known, but it is not sufficient to become  dominant in 
any of the curves obtained for this alloy. 

14. For the annealed alloy, thp internal stress fac- 
tor is dominant in causing the slight initial rise in the 
curve of variation of the shear modulus at zero stress 
with the first stages of deformation, beyond which the 
lattice-expansion factor becomes continuously dominant in 
causing a decrease of the modulus. 

15. Dominance of the internal-stress factor causes a 
rise in both the linear and quadratic stress coefficients 
of the modulus during the initial stages of deformation 
of the annealed alloy.  Upon further deformation, the 
lattice-expansion factor becomes dominant and causes a 
lowering of these indices.  The range of prior deformation 
within which the quadratic coefficient rises, however, is 
somewhat greater in shear than it is in tension.  The 
internal—stress factor is dominant over a greater range of 
deformation in shear than in tension. 
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16. An-increase of internal" stress trends to cause an 
increase of the-linear stress coefficient of the modulus, 
A äp.creas-e- of internal stress accompanying plastic exten- 
sion or annealing tends to cause a decrease of this coef — 
f ic ient. 

17. Annealing the cold—drawn alloy at ahout 900° F 
for relief of__int er nal stress causes a significant in- 
crease in shear proof- stresses, especially those for 
0.003- and 0.001-percent set!" 

18. The shear modulus at zero stress- for the cold- 
drawn alloy shows a general increase with increase of 
annealing temperature at least up t~o 1900° $ .  This in- 
crease is "due. to the decrease of work—hardening or 
lattice-expansion effects.  The shear modulus at zero 
stress, however, is almost constant for annealing tempera- 
tures over.the range 500° to 1100° F.  In this range the 
effect of decreasing lattice expansion with increasing 
annealing temperature is "balanced "by the effect of de- 
creasing- internal stress. 

An investigation of the influence of plastic defor— 
mation and of annealing on the torsional elastic proper- 
ties of a numher of honferrous metals is in progress.  It 
will he of" interest to learn to what—extent the conclusions 
drawn relative to the  influence of plastic deformation on 
the tensile and torsional elastic properties of the 18 : 8 
alloy may apply to these—other metals. 

National Bur-eau of- S tandar ds , 
Washington, D. 0., November 9, 1942. 

NOTE:" The "measure" given on the illustrations is 
to "be used for scaling the curves in order 
to get close readings as desired. 
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TABLE   I.-   CHEMICAL   COMPOSITION   OF   18:   8   CHROMIUM-NICKEL   STEEL 

Grade   ofr-hardness 
as   received 

Annealed 
Half-hard 
Hara 

Des ignat i on 

TA 
TB 
TC 

Carbon 
(percent) 

0.06 
.06 
.07 

Chr omium 
(percent) 

18.5 
18.5 
18.5 

Nickel 
(pprcent) 

10.4 
10.4 
10.4 

TABLE   II.- DETAILS   01   THEHMAL   AND'MECHANICAL   TREATMENTS   OP 

18 :   8   CHROMIUM-NICKEL   STEEL 

Grade of 
hardness, 
as received 

Specimen 
designa- 
tion* 

i    i         ' 

Annealing 
tempera- 
ture    • 
(deg ff) 

Time-held 
(hr)    •        ( Pooled in 

Mechanical  treatment 
following heat treat- 
ment 

Annealed TA As received 
•• •     -.   . 

Half-hard TB< ' - - As" received 

TO 
TC-3   .     ' •'- 
TC-5 
TC-7- 
TC49, 
TC-11' 
TC-13, 

y   Air., 

Water 

•300' 
• 500" 

.700 
' 900 

'""   ' 1100 : 

1300 

>   1-...   ,    . 
1 

Hard TC-19 
TC-19R-0.5 
TC-19R-1 
TC-19R-2    ' 
TC-19R-3 
TC-I9R-5 
TC-19R-10 
TC-19R-20 . 

>  .1900' 

~\ 

•   1 ..    " "• Water 1 

r 
""Extended 0.5 percent 
Extended 1.0 percent 
'Extended 2.0 percent 
Extended 3-0 percent 
Extended 5«0 perconfr 
Extended 10.0 percent 
Extended 20.0 percent 

*In the specimon designation the. number, following the initial dash indicates 
the annealing t~eEiporaturo in hundreds. ' The lotter R following this number, 
indicates that  the specimon has boen reduced further by extension;   the amount 
of extension in percent  is designated by the number following the second dash. 
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TABLE III.- TORSIONAL PROPERTIES POR IS: S CHROMIUM-NICKEL STEEL 

Initial shear proof stress (lb/s sei in.) 
Elastic 

coefficients 
Grade of Specimen 

designation hardness 
as 0.1- 0.03- 0.01- 0.003 0.001- Initial Initial 

received percent percent percent percent percent shear linear 
proof proof proof proof proof modulus stress 
set set set set sot at zoro 

stress, 

&«/ 
sq in.) 

1 

cooffi- 
ciont of 
the 
shoar 
modulus, 

C 
0 

Annoalcd TA 23,000 19,700 16,300 14,700 10,000 11.42X106 0 

Half-hard TB 53,500 47,900 37,000 29,000 21,000 n.o6xio6 13.9xlO~*. 

TC 66,900 55,000 43,200 30,200 11,000 10.5^x106 0 

Hard TC-3 69,100 53,000 49,300 39,600 29,000 10.S3 3,9xl0"7 

TC-5 72,200 62,100 53,200 44,500 29,000 10.97 4.4 

TC-7 73,000 63,000 55,000 46,900 40,500 10.9s 3.6 

TC-9 73,300 63.SOO 56,200 4s,100 37,500 11.03 3.6 

TC-11 6S,200 59,700 52,600 44,500 28,000 11.0 0 

TC-13 54,300 46,ioo 33,200 20,000 10,500 11.07 3A 
TC-19 13,700 10,600 7,700 5,4oo 4,400 11.30 0 

• TC-19Rr-0.5 16,600 l4,200 10,500 4,500 2,600 11.11 0 

TC-19R-1.0 13,200 16,000 11,900 7,200 4,200 11.07 0 

TG-19R-2.0 21,000 17,000 12,600 8,000 5,000 11.24 0 

TC-19R-3.0 23,300 18,800 13,700 7,500 4,300 11.01 0 

TO-19R-5.0 25,900 20,800 14,700 9,500 7,000 10.97 4.0 

TC-19R-10.0 32,500 24,800 16,600 10,000 7,200 10.80 0 

TC-19R-20.0 42,000 28,400 is,4oo 11,700 9,100 10.53 0 
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Figure. 1.- Torsion-testing machine with specimen and torsion meter mounted. 

Figure 2.- Optical tcreion meter. 
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II        IT       11       II       II       II       II       11       II   1^2—| 
SHEAR  MODULUS OF ELASTICITY.   LB PER SQ INCH (MILLIONS) 

Figure 8.- Shear stress-modulus lines for annealed 18:8 
chromium-nickel steel TA as influenced by prior 
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